ABSTRACT The use of a corrective orthopaedic brace is an established form of management for patients with progressive idiopathic scoliosis. Thirteen patients with mild idiopathic scoliosis were studied with and without the corrective brace applied. Lung volumes and the pattern ofchest wall and abdominal movement were measured during quiet breathing. Transdiaphragmatic pressures were measured in six of the patients and upper ribcage movement in seven patients. Application of the brace resulted in a significant reduction in vital capacity (14%), functional residual capacity (22%), and total lung capacity (12%). There was no effect on respiratory rate or minute volume. In the erect position the pattern of chest wall movement was altered with a reduction in lower ribcage movement of 46% and abdominal wall of 39% and an increase in upper ribcage movement of 43%. These changes were greater in the supine position. There was at least a twofold increase in end inspiratory and end expiratory gastric pressures during tidal breathing, but oesophageal pressures were not affected by the brace. Transdiaphragmatic pressures showed a similar twofold increase, which implies a substantial increase in the work of breathing. In view of the doubts concerning the influence of bracing on the natural history of idiopathic scoliosis and the substantial functional effect of bracing on the respiratory system, it is suggested that the current practice ofbracing in this condition needs to be reviewed.
Introduction
Scoliosis is the most common abnormality of the thoracic cage.' Two out ofevery 1000 adolescents have a curve of 20 degrees or more, for which treatment is recommended. 2 Although the condition has afflicted man from the earliest times, the natural history remains poorly defined and treatment remains controversial.34
Ambrose Pare in 1582 used iron corsets in an attempt to prevent progression of the curve, but modern bracing treatment began with the introduction of the Milwaukee brace in the 1950s.5 In 1975 the Boston bracing system was described by Hall et al. 6 These braces are now widely accepted in the non-operative treatment of idiopathic scoliosis, though the effectiveness of bracing in the management of idiopathic scoliosis has been debated among orthopaedic surgeons. 34 Despite the use of these restrictive braces for over 400 years, their functional effects on respiratory mechanics have been little studied. Glucker7 showed a fall in vital capacity (VC) of 29% in seven patients treated with the Milwaukee brace, but Sevastikoglout found that the same brace did not alter VC significantly in 26 patients with idiopathic scoliosis. We recently studied the effects of orthopaedic bracing (Milwaukee and Boston) on lung volumes in 33 adolescents with idiopathic thoracic scoliosis and found that the mean reduction in functional residual capacity (FRC) was 26% and six subjects showed a reduction of more than 40%. 9 We postulated that the cause of this reduction in lung volume was due to restriction of the chest wall by the brace and compression of abdominal contents into the thorax. The aim of this study was to evaluate the disturbance in respiratory mechanics associated with bracing further by measuring chest wall movement and pleural and gastric pressure changes. The study was approved by the hospital ethics committee and informed consent was obtained from subjects and parents.
STATISTICAL ANALYSIS
The effect of bracing on lung volumes and pressures was assessed by the Wilcoxon signed rank test and the paired t test. Change in lung volumes was compared with the 95th centile for the coefficient of variation for lung volumes in normal subjects for our laboratory. Analysis of variance was used to determine the effect of different types of braces. Statistical significance was set at the 5% level. Results
The physical profile of the subjects is shown in table 1. The group showed a mild reduction in vital capacity (VC)% predicted (84%) with the brace off. Thoracic gas volume at functional residual capacity (FRC) and total lung capacity (TLC) were normal with the brace off. With application of the brace there was a significant reduction in all lung volumes-VC, FRC, and TLC (table 2) .
In neither the sitting erect nor the supine posture did wearing the brace alter minute ventilation or respiratory rate (table 3) . When subjects were sitting erect Effect ofbracing on respiratory mechanics in mild idiopathic scoliosis there was a substantial effect of bracing on chest wall movement: lower ribcage movement was reduced by 46% and abdominal movement by 39%. In the seven subjects who had magnetometers applied to the upper thorax there was an increase of 42-9% in respiratory excursion with the brace on, suggesting accessory muscle recruitment (table 3) .
In the supine posture the restrictive effect of the brace on chest wall movement was also seen. Lower ribcage excursion was reduced by 38% and abdominal wall movement by 62%. Magnetometers on the upper thorax showed an increase in movement of 95% (table 3) .
In the six subjects whose oesophageal and gastric pressures were measured application of the brace caused at least a twofold increase in end inspiratory and end expiratory gastric pressure in both the sitting erect and the supine posture (p < 0 001); Poes was unaltered (table 4 and figure) . Transdiaphragmatic pressures during tidal breathing were considerably raised with the brace on at both end inspiration and end expiration. There was a threefold increase in the respiratory swing in gastric pressure (p < 0.006) and a twofold increase in the swing in transdiaphragmatic pressure (p < 0O005).
There was no difference between the Boston and the Milwaukee brace for lung volume or for chest wall and abdominal movement. Poes-oesophageal pressure; Pgas-gastric pressure; Pdi-transdiaphragmatic pressure; Min-end expiration; Max-end inspiration during tidal breathing.
BRACE ON
Diagrammatic representation ofoesophageal (Poes), gastric (Pgas), and transdiaphragmatic (Pdi) pressure changes during tidal breathing with and without brace.
Long term reviews of both Boston and Milwaukee braces suggest that the mean effect of bracing is to produce a curve that is only a few degrees better than the original.'"'" Concerns about the development of cardiorespiratory failure in idiopathic scoliosis have recently been alleviated by Branthwaite, who found that the risk is minimal in those whose scoliosis develops after the age of 11 years.'9 Despite the general use of braces in idiopathic scoliosis for over 30 years, their effects other than on progression of the curve has remained largely unstudied. We have now shown that chest wall mechanics are profoundly affected by bracing.
For the brace to achieve derotation of the thoracic curve it is important that the associated lumbar lordosis is corrected.20 All braces, both of Boston and of Milwaukee design, achieve this by being tightly fitted around the abdomen. This restriction increases intra-abdominal pressure, which affects both the abdominal viscera and the normal pattern of chest wall mechanics.
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There is disagreement on the effect of bracing on lung volumes. Sevastikoglou8 studied 26 patients with idiopathic scoliosis treated with a Milwaukee brace and found that bracing did not significantly alter VC. On the other hand, Noble-Jamieson et al2' found a 22% fall in forced vital capacity (FVC) after the application of a brace in 16 children with scoliosis secondary to muscle weakness, and in a previous study we found an 18% fall in FVC in 33 children with thoracic idiopathic scoliosis treated with Boston and Milwaukee braces.9 In the present series of 13 children the mean reduction was 21 7% in FRC, 11 9% in TLC and 14 3% in FVC. The reduction in lung volumes was greatest at FRC. The likely cause of the reduction in lung volumes is the restriction of outward movement of the lower ribcage on inspiration in association with the displacement of abdominal contents into the lower chest by the rise in intra-abdominal pressure. This is supported by the twofold increase in intragastric pressure seen on application of the brace in both the sitting and the supine postures.
The effect of bracing on the pattern of respiratory muscle recruitment is substantial. In the unbraced subject the descent of the diaphragm on inspiration causes a rise in intra-abdominal pressure. This pressure rise is offset by being transmitted through the area of apposition to the lower ribcage, causing this to move outward. This outward movement increases thoracic cage volume, reduces intra-abdominal pressure, and allows the diaphragm to act optimally. 22 In the braced subject the rise in intra-abdominal pressure will lengthen the diaphragm and improve its lengthtension characteristics. The area of apposition is also increased. As the lower ribcage is restricted, however, the further rise in gastric pressure during inspiration cannot be offset by the outward movement of the lower ribcage. Thus the diaphragm has to contract against a gastric pressure that is twice that in the unbraced state, implying an increase in diaphragmatic workload. In the face of limitation of lower ribcage expansion and increased diaphragmatic workload accessory muscles are recruited to offload the diaphragm. The seven children whose upper thoracic anteroposterior diameter was measured had a 95% increase in expansion in this region during inspiration when the brace was applied.
A substantial increase in the work of breathing during brace wearing is implied from the data, as there was a twofold increase in transdiaphragmatic swing when the brace was worn. A recent study23 has shown that if the abdomen is strapped during exercise Pdi increases but without any concomitant increase in the peak electromyographic activity of the diaphragm (Edi). When the ribcage was selectively restricted, however, there was a substantial increase in Edi without any significant changes in Pdi. Exercise Kennedy, Robertson, Hudson, Phelan endurance time was also reduced. Wearing a brace would result in a combination of these effects.
Many children when braced complain of reduced exercise tolerance. In view of our recent findings23 this is not surprising and is consistent with our view that there is a considerable increase in the work of breathing, which is likely to lead to respiratory muscle fatigue. During the period of bracing in both the sitting erect and the supine posture there was no increase in minute ventilation or respiratory rate despite the substantial increase in gastric and transdiaphragmatic pressures. This is consistent with the findings of Bradley et al,24 who found that it was the change in pleural pressure that influenced the sensation of inspiratory effort rather than changes in Pgas or Pdi. In our study pleural pressure (Poes) was unaltered by bracing. The twofold increase in Pdi implies a dramatic increase in the work of breathing, though this cannot be measured by standard techniques. In addition to measurement of pleural pressures the pressure developed under the brace would need to be measured.
The influence of bracing on the natural history of idiopathic scoliosis is currently being reviewed.4 At present, however, there is general agreement that bracing is indicated for the progressive curve in the 30-40 degree group.4 But we have clearly shown that bracing results in substantial changes in lung volumes and the pattern of respiratory muscle recruitment, and by implication an increase in respiratory muscle work. The long term effects of bracing on lung growth and intra-abdominal structures remain unknown.
In view of the doubts about the effect of idiopathic scoliosis on long term cardiorespiratory function, the influence of bracing on its natural history, the substantial functional effect of bracing on the respiratory system, and the unknown effects of the long term increase in intra-abdominal pressure, we suggest that the use of bracing in idiopathic scoliosis needs to be reviewed, particularly as school screening programmes are becoming more widespread. '4 scoliosis.
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